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Abstract: The productivity of the Amazon rainforest is constrained by the availability of 33	  
nutrients, in particular phosphorus (P). Deposition of long-range transported African dust 34	  
is recognized as a potentially important but poorly quantified source of phosphorus. This 35	  
study provides a first multiyear satellite-based estimate of dust deposition into the 36	  
Amazon Basin using three dimensional (3D) aerosol measurements over 2007-2013 from 37	  
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP).  The 7-year average of 38	  
dust deposition into the Amazon Basin is estimated to be 28 (8~48) Tg a-1 or 29 (8~50) 39	  
kg ha-1 a-1. The dust deposition shows significant interannual variation that is negatively 40	  
correlated with the prior-year rainfall in the Sahel. The CALIOP-based multi-year mean 41	  
estimate of dust deposition matches better with estimates from in-situ measurements and 42	  
model simulations than a previous satellite-based estimate does. The closer agreement 43	  
benefits from a more realistic geographic definition of the Amazon Basin and inclusion 44	  
of meridional dust transport calculation in addition to the 3D nature of CALIOP aerosol 45	  
measurements. The imported dust could provide about 0.022 (0.006~0.037) Tg P of 46	  
phosphorus per year, equivalent to 23 (7~39) g P ha-1 a-1 to fertilize the Amazon 47	  
rainforest. This out-of-Basin P input largely compensates the hydrological loss of P from 48	  
the Basin, suggesting an important role of African dust in preventing phosphorus 49	  
depletion on time scales of decades to centuries. 50	  
  51	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1.  Introduction 52	  
The Amazon rainforest represents about half of the planet’s remaining rainforests and is 53	  
an important ecosystem that plays a crucial role in regulating the Earth’s climate. 54	  
Relatively small changes in the forest cover and productivity could have important 55	  
implications for the carbon cycle, atmospheric circulations, the hydrology cycle, and 56	  
climate from regional to global scales [Shukla et al., 1990; Nepstad et al., 2008; Malhi et 57	  
al., 2008]. Phosphorus (P) is the principal fertility factor influencing tree growth across 58	  
the Amazon Basin [Vitousek, 1984; Mercado et al., 2011]. However, 90% of soils in the 59	  
Amazon Basin are P-deficient [Sanchez et al., 1982]. It has been suggested that long-60	  
term productivity of the Amazon rainforest depends highly on the atmospheric deposition 61	  
of dust that may come from a distant ecosystem such as the Saharan desert [Okin et al., 62	  
2004]. Although the presence of African dust in the Amazon Basin has long been 63	  
observed (Artaxo et al., 1990; Talbot et al., 1990; Formenti et al., 2001; Schafer et al., 64	  
2008; Ansmann et al., 2009; Ben-Ami et al., 2010; Baars et al., 2011, 2012), the dust 65	  
deposition and associated P input are not yet well quantified. Recently, advanced satellite 66	  
observations with routine sampling and large spatial and temporal coverage have become 67	  
ideal for quantifying the inter-continental transport and deposition of aerosol [Kaufman et 68	  
al., 2005; Yu et al., 2008, 2012a, 2013]. Substantial discrepancies still exist between 69	  
measurements and models [e.g., Swap et al., 1992 or S92; Kaufman et al., 2005 or K05; 70	  
Bristow et al., 2010; Ridley et al., 2012].  71	  
 72	  
Factors contributing to the large discrepancies in the dust deposition are not fully 73	  
understood or at least not adequately accounted for. There are several possible reasons for 74	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the large range of discrepancy between the different estimates of dust deposition into the 75	  
Amazon Basin. First, each individual estimate is subject to specific uncertainties, some 76	  
large.   In addition, the inter-comparisons have often been complicated by issues such as 77	  
differences in geographical definition of the Amazon Basin, year of the assessment, and 78	  
inclusion or exclusion of meridional transport.  79	  
 80	  
The main objective of this study is to resolve the previous discrepancies and provide an 81	  
alternative satellite-based estimate of dust deposition and phosphorus input into the 82	  
Amazon Basin. We base our estimate on 3D distributions of aerosols from Cloud-Aerosol 83	  
Lidar with Orthogonal Polarization (CALIOP) onboard the Cloud-Aerosol Lidar and 84	  
Infrared Pathfinder Satellite Observations (CALIPSO) from 2007 to 2013. Since June 85	  
2006, CALIOP has been measuring 3D distributions of backscatter/extinction and 86	  
depolarization ratio of both clear-sky aerosol and above-cloud aerosol over nearly global 87	  
scale [Winker et al., 2013; Yu et al., 2012b; Yu and Zhang, 2013; Liu et al., 2014]. The 88	  
previous standard for satellite estimates of dust deposition used the MODerate resolution 89	  
Imaging Spectroradiometer (MODIS) that provides only a 2-dimensional view of the 90	  
transport [K05]. By using 3D measurements from CALIOP, the MODIS uncertainties 91	  
can be reassessed or reduced. Another improvement over the single-year K05 study is the 92	  
use of a multi-year data set. We also improve the dust deposition estimate by accounting 93	  
for both zonal and meridional transport and defining the geographical region of the 94	  
Amazon Basin more realistically. Note that K05 neglected the meridional transport and 95	  
included deposition into the nearby ocean by defining their domain as a rectangle.  Both 96	  
simplifications will introduce significant discrepancies in the estimates of seasonal and 97	  
	   5	  
annual dust deposition into the Amazon Basin, and require clarification to resolve the 98	  
ambiguity and inconsistency in model-observation comparisons and the role of African 99	  
dust in the biogeochemical cycle of the Amazon.  100	  
 101	  
2.  Methodology 102	  
We define the Amazon Basin as a region between 12°S and 8°N in latitude and between 103	  
75°W and 40°W (for the 12°S-2°S latitudinal segment) or 50°W (for the 2°S-8°N 104	  
latitudinal segment) in longitude, as illustrated in Figure 1 (i.e., the red-line boundaries). 105	  
The total area of the region is about 9.6 x 108 hectares (ha). This definition attempts to 106	  
cover the major part of the Amazon Basin, while excluding the nearby ocean in the 107	  
analysis, and without introducing too much complexity. We estimate the meridional dust 108	  
mass flux at the latitudinal cross sections and the zonal flux at the longitudinal cross 109	  
sections by using CALIOP measurements of the 3D distribution of aerosol 110	  
backscatter/extinction and depolarization at 532 nm (version 3, level 2) in both clear sky 111	  
and above cloud conditions. The dust mass flux in all-sky conditions was calculated as a 112	  
weighted average of clear-sky and above cloud dust mass flux with respective fraction of 113	  
occurrence. While details of calculating dust mass fluxes with CALIOP measurements 114	  
are described in Yu et al. [2015] (referred to as Y15), a brief overview of the approach is 115	  
given as follows. 116	  
 117	  
We use CALIOP nighttime, high-quality data only, and separate dust from non-dust 118	  
aerosol by using the CALIOP depolarization ratio (δ) measurements with a priori 119	  
knowledge of characteristic depolarization ratios for dust and non-dust particles. There is 120	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a range of δ values associated with dust and non-dust aerosol. As discussed in Y15, we 121	  
bound the range of dust fraction introduced by variability in δ and use an average of dust 122	  
mass fluxes between the upper and lower bounds to represent the best estimate of dust 123	  
transport and deposition. The difference between the best estimate and the bounds 124	  
represents an uncertainty associated with the dust discrimination. The CALIOP-based 125	  
estimate of dust mass flux is also subject to uncertainties associated with CALIOP 126	  
extinction, vertical profile shape, dust mass extinction efficiency, and possible change of 127	  
dust size distribution during the transport. The cumulative uncertainty of all these error 128	  
sources has been estimated to be ±70%, near South America and the Caribbean Sea 129	  
[Y15]. Additional uncertainty may arise from the below-cloud dust missed by CALIOP 130	  
and possible diurnal variations of dust transport, which however cannot be quantified 131	  
because of the lack of reliable observations [Y15].   132	  
 133	  
Dust transport and deposition to the Amazon Basin is predominated by the trans-Atlantic 134	  
transport in the northeasterly trade winds during boreal winter (December-January-135	  
February or DJF) and spring (March-April-May or MAM) [Prospero et al., 1981; S92; 136	  
Prospero et al., 2014]. In boreal summer and fall when the Intertropical Convergence 137	  
Zone moves northward, the majority of dust is transported by the easterly trade winds to 138	  
the Caribbean Sea and North America [Prospero et al., 1981; Prospero et al., 2014]. Our 139	  
analysis of CALIOP observations derives the 7-year average dust deposition into the 140	  
Amazon of -0.22 Tg (ranging from -1.51 to +1.97 Tg) in boreal summer and fall. The 141	  
negative deposition fluxes are not physical and could have resulted from a differentiation 142	  
of small fluxes at the boundaries of the Amazon Basin. Thus we assume the dust 143	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deposition into the Amazon Basin is negligible in boreal summer and fall, similar to S92. 144	  
Subsequent discussion will be focused on the dust deposition in DJF and MAM.  145	  
 146	  
3.  Results and Discussion 147	  
3.1.  CALIOP-based estimate of dust deposition into the Amazon Basin 148	  
We calculate dust import to and export from the Amazon Basin in both zonal and 149	  
meridional directions. The divergence of dust import and export mass fluxes is attributed 150	  
to dust deposition into the Amazon Basin. Figure 1 shows the budget of CALIOP best 151	  
estimate of seasonal dust transport (numbers in orange) and deposition (numbers in 152	  
white) into the Amazon Basin. The numbers represent the 7-year average ± 1 standard 153	  
deviation of the estimates. In boreal winter, dust import from zonal (eastern boundary) 154	  
and meridional (northern boundary) directions is 10.7±3.5 Tg and 4.4±1.2 Tg, 155	  
respectively. In boreal spring, the corresponding zonal and meridional import of dust is 156	  
13.8±3.2 Tg and 4.6±2.0 Tg, respectively. Clearly, the meridional mass flux entering the 157	  
Basin from the northern boundaries accounts for 33~41% of the zonal mass flux through 158	  
the eastern boundaries, and cannot be neglected. A large majority of the dust import (e.g., 159	  
79~86%) is deposited in the Basin. The dust deposition in the Basin is 11.9±4.0 Tg and 160	  
15.8±3.0 Tg in DJF and MAM, respectively. On a basis of the 7-year average, the annual 161	  
dust deposition into the Amazon Basin amounts to 27.7 Tg a-1 (equivalent to 28.9 kg ha-1 162	  
a-1).  163	  
 164	  
The multi-year CALIOP observations used in this study reveal interannual variation of 165	  
dust deposition into the Amazon Basin.  Figure 2a shows the CALIOP-based best 166	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estimate of dust deposition flux in DJF (blue bar) and MAM (red bar) in individual years. 167	  
The gray error bar indicates the range of DJF+MAM combined dust deposition estimates 168	  
introduced by uncertainty in separating dust from non-dust aerosol. It shows that the 169	  
year-to-year values can vary by as much as 29% of the 7-year mean. The dust deposition 170	  
in DJF and MAM, combined, ranges from 14.3 to 20.9 Tg and 33.6 to 43.2 Tg, for the 171	  
lower and upper bound, respectively. The figure also shows that the relative contribution 172	  
from DJF and MAM appears to be dependent on year.  173	  
 174	  
The interannual variation of dust deposition is generally regulated by variations in 175	  
African dust emissions, atmospheric circulations, and rainfall along the dust transport 176	  
route [Prospero and Lamb, 2003; Chin et al., 2014; Y15]. Y15 found that the annual 177	  
trans-Atlantic dust transport over the period of 2007-2013 has a statistically significant 178	  
anti-correlation with the prior-year wet-season rainfall anomaly in the Sahel or the so-179	  
called Sahel Precipitation Index (SPI) [Janowiak, 1988].  Similarly we examined how the 180	  
annual dust transport and deposition into the Amazon Basin correlate with the prior-year 181	  
SPI, as shown in Figure 2b. Clearly the annual dust transport and deposition are anti-182	  
correlated with the prior-year SPI, which is statistically significant at the 95% confidence 183	  
level. For the dust import to the Basin from the northern and eastern boundaries, the 184	  
value of R2 (R is correlation coefficient) is 0.71. The dust deposition into the Basin and 185	  
export from the Basin show slightly weaker anti-correlation with SPI, with R2 of 0.66 and 186	  
0.60, respectively. This may suggest that the variation of dust deposition into the Amazon 187	  
Basin is largely associated with that of prior-year Sahel rainfall condition. 188	  
  189	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The seasonal mean dust import to the Amazon Basin estimated from CALIOP 190	  
observations is correlated with surface PM10 measurements at Cayenne, French Guiana 191	  
(4.95°N, 52.31° W) during 2007-2011 [Prospero et al., 2014], as shown in Figure 2(c). 192	  
As discussed in Prospero et al. [2014], the PM10 level at Cayenne is a good measure of 193	  
dust import into South America. The R2 between CALIOP seasonal dust mass flux and 194	  
PM10 concentration is 0.65, which is statistically significant at the 95% confidence level. 195	  
 196	  
In summary, on the basis of the 2007-2013 average, the CALIOP-based best estimate of 197	  
dust deposition into the Amazon Basin is 28 Tg a-1, ranging from 8 to 48 Tg a-1 when 198	  
accounting for the estimated uncertainty of ±70% [Y15]. The interannual variation of 199	  
dust deposition is anti-correlated with the prior-year wet season Sahel rainfall. The 200	  
CALIOP-based estimate of dust import to the Amazon Basin is also well correlated with 201	  
surface aerosol measurements at Cayenne. In the following we further compare the 202	  
CALIOP-based estimate of dust deposition with simulation from the Goddard Chemistry 203	  
Aerosol Radiation and Transport (GOCART) model and other estimates in literature.   204	  
 205	  
3.2. Comparisons of CALIOP-based dust deposition estimate with models and other 206	  
observations 207	  
The CALIOP-based estimate of dust deposition is compared with the GOCART model 208	  
simulation in the same region for 2007-2009. The GOCART is a global chemical 209	  
transport model that simulates major aerosol types including dust [Chin et al., 2002]. A 210	  
multi-decadal (1980-2009) run was performed at a horizontal resolution of 2° in latitude 211	  
by 2.5° in longitude [Chin et al., 2014]. In GOCART, the dust deposition to the surface is 212	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calculated due to aerodynamic dry deposition, gravitational settling, and scavenging by 213	  
large-scale and convective clouds with parameterized schemes [Chin et al., 2002]. The 214	  
GOCART model suggests that wet removal accounts for about 86% of the total dust 215	  
deposition in the region during DJF and MAM. The GOCART model also reveals a high 216	  
heterogeneity of dust deposition in the Basin.  The deposition north of 2°S accounts for 217	  
80~92 % of the total deposition in the Basin in DJF and MAM, because dust is injected 218	  
into the basin from the northeast coast of South America and precipitation is much 219	  
stronger in the northern part of the Basin than the southern part.  220	  
 221	  
Table 1 shows a comparison of the CALIOP-based estimates of seasonal dust deposition 222	  
with the GOCART model simulations during 2007-2009. On a seasonal basis the 223	  
GOCART-calculated dust deposition is 26~47 % lower than the best estimate from the 224	  
CALIOP observation. On the basis of the 3-year average, dust deposition for DJF and 225	  
MAM combined is 18.5 Tg from GOCART model, which is 35% lower than the 226	  
CALIOP 2007-2009 average of 28.3 Tg.  However, the GOCART model also simulates a 227	  
dust deposition of 6.6 Tg in boreal summer and fall combined, when the CALIOP-228	  
derived estimate of dust deposition is nearly 0.  229	  
 230	  
A comparison of annual dust deposition between the CALIOP-based estimate and those 231	  
in the literature [Swap et al., 1992; Ridley et al., 2012] as well as GOCART [Chin et al., 232	  
2014] and WRF-Chem [Zhao et al., 2013] simulations is summarized in Table 2. We 233	  
calculate the GOCART and WRF-Chem dust deposition into the same region as defined 234	  
in Figure 1. Apparently the CALIOP-based estimate of 28 (8~48) Tg falls in between the 235	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MODIS-based estimate of 50 Tg [Kaufman et al., 2005] and those estimated from in situ 236	  
observations and model simulations (13~26 Tg).  However, the apparent discrepancies 237	  
shown in the table should not be attributed to the uncertainties associated with individual 238	  
methods or data, because such a comparison is complicated by differences in regions and 239	  
years among the studies (see notes in the table).  240	  
 241	  
We use the correlation between dust deposition and SPI (Figure 2b) to extrapolate the 242	  
CALIOP-derived values back to the same years as previous studies listed in Table 2. The 243	  
SPI value for 1986 (a year prior to the in situ observation in S92) and 2000 (a year prior 244	  
to the MODIS estimate in K05) is -2.04 and -1.25, respectively. Applying the regression 245	  
equation from Figure 2b, the dust deposition would have been 32 and 30 Tg in 1987 and 246	  
2001, respectively. These extrapolated values decrease the discrepancy between MODIS 247	  
and CALIOP by only 9% and increase the discrepancy between the in situ estimate and 248	  
CALIOP by 27%. Differences in years cannot explain the discrepancies in studies. 249	  
 250	  
Can the definition of the Amazon Basin and the exclusion of meridional transport in K05 251	  
explain the discrepancy in dust deposition? The K05 estimate was made in a region of 252	  
[20°S-10°N, 35°W-75°W]. In contrast to that defined in Figure 1 and in other studies, 253	  
this region includes a portion of tropical Atlantic Ocean just off the northeastern coast of 254	  
South America where strong scavenging by intense rainfall could prevent a large amount 255	  
of dust from reaching the Amazon Basin. In addition, the MODIS estimate considered the 256	  
zonal transport of dust only, whereas other estimates accounted for both zonal and 257	  
meridional transport.  258	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 259	  
Here we use the CALIOP observations to estimate the dust deposition in the same region 260	  
as that used in K05. On a basis of the 7-year average applied to the K05 rectangular 261	  
domain, the CALIOP-derived net dust transport in the zonal direction alone is 49 Tg, 262	  
which is nearly the same as the K05 estimate of 50 Tg. We also found that the CALIOP-263	  
derived meridional transport adds an additional 24 Tg of dust into the K05 domain. Thus 264	  
the total dust deposition, calculated from CALIOP, in the K05 domain amounts to 73 Tg, 265	  
which is 160% larger than the 28 Tg estimated for the domain defined in Figure 1. The 266	  
above practice underscores the importance of appropriately defining the Basin and 267	  
including the meridional transport. Improper assumptions, as per K05, will overestimate 268	  
the dust deposition, which could explain a significant portion of the discrepancies 269	  
documented in literature.  270	  
  271	  
In summary, the CALIOP-based estimate of dust deposition shows a better agreement 272	  
with in situ measurements and model simulations than the MODIS-based estimate as 273	  
reported in literature. The closer agreement benefits from a more realistic geographic 274	  
definition of the Amazon Basin, and an inclusion of meridional dust transport, in addition 275	  
to the 3D nature of CALIOP measurements. 276	  
  277	  
3.3. Estimate of phosphorus input associated with African dust and implications for 278	  
Amazon rainforest  279	  
Micronutrients such as phosphorus, carried by African dust can have important 280	  
implications for the biogeochemical cycle in the Amazon Basin. To estimate the amount 281	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of phosphorous associated with the dust deposition of 28 (8~48) Tg a-1, we must obtain 282	  
the mass concentration of phosphorus in the dust (CPD).  Observations at the Bodele 283	  
depression yielded a CPD of 780 ppm [Bristow et al., 2010], while those at Barbados and 284	  
Miami gave a higher CPD of 880 ppm [Zamora et al., 2013]. Mahowald et al. [2008] 285	  
used CPD of 720 ppm in their global model simulation. By using CPD of 780 ppm, we 286	  
estimate that on the basis of a 7-year average, yearly total P deposition into the Amazon 287	  
Basin mounts to 0.022 (0.006~0.037) Tg P a-1 or equivalent to 23 (7~39) g P ha-1 a-1. 288	  
Given that the dust deposition is highly heterogeneous, phosphorus-deposition should be 289	  
substantially higher in the central Amazon Basin where most of dust deposition is 290	  
expected. For comparison, S92 estimated a range of 11~47 g P ha-1 a-1 in a much smaller 291	  
study area of the central Amazon Basin. Note that our estimated P deposition is subjected 292	  
to uncertainty associated with CPD. It is possible that CPD may have changed during the 293	  
long-range transport. The issue could be investigated in the future by extracting dust and 294	  
associated P from accumulating aerosol measurements in the Amazon Basin [Artaxo et 295	  
al., 2002].   296	  
 297	  
How significant is the P input associated with African dust in the context of the 298	  
phosphorus cycle in the Basin? Vitousek and Sanford [1986] summarized that the 299	  
recycling of phosphorus through litterfalls is 1400~4100 g P ha-1 a-1 in the Amazon basin, 300	  
which is 61~178 fold of our best estimate of phosphorus input associated with dust 301	  
deposition.  The total atmospheric deposition resulting from dust and non-dust sources 302	  
was estimated to be 161~300 g P ha-1 a-1 [Vitousek and Sanford, 1986]. Our estimated P 303	  
deposition associated with dust accounts for no more than 13% of the total atmospheric 304	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deposition. Primarily biogenic aerosols and biomass burning smoke are thought to 305	  
contribute the remaining atmospheric phosphorus deposition [Artaxo et al., 2002; 306	  
Mahowald et al., 2005]. Therefore the phosphorus associated with the dust is relatively 307	  
small as compared with the recycling and the deposition of biogenic and smoke particles. 308	  
On the other hand, our estimated phosphorus input associated with African dust is 309	  
comparable to the estimated hydrological loss of 8~40 g P ha-1 a-1 [Vitousek and Sanford, 310	  
1986]. This suggests that African dust may have important implication for maintaining 311	  
the health of Amazon rainforests over the long term. Without the phosphorus input from 312	  
African dust, the hydrological loss would greatly deplete the soil phosphorus reservoir 313	  
over a time scale of decades or centuries and affect the health and productivity of the 314	  
Amazon rainforest.  315	  
 316	  
Finally we would like to note that the amount of dust needed to provide adequate 317	  
phosphorus for maintaining the productivity of the Amazon rainforest remains unknown. 318	  
To quantify the amount, we require a much better understanding of all major components 319	  
of the phosphorus cycle (including the recycling through litterfalls, atmospheric 320	  
deposition of dust, smoke, and biological particles, and hydrological loss). Currently, our 321	  
knowledge does not warrant a claim with high level of confidence that there exists a 322	  
missing source of phosphorus for the Amazon Basin on the order of 50 Tg a-1 of African 323	  
dust as claimed by K05 or [Ridley et al., 2012]. 324	  
 325	  
4.  Concluding remarks  326	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This study provides the first multiyear satellite-based estimate of dust deposition into the 327	  
Amazon Basin. We have estimated from the three-dimensional aerosol distribution 328	  
derived from the CALIOP 7-year (2007-2013) record that on average 28 (8~48) Tg a-1 or 329	  
29 (8~50) kg ha-1 a-1 of dust is deposited into the Amazon Basin during the wet season 330	  
(e.g., boreal winter and spring). On a seasonal basis, the estimated dust import to the 331	  
Amazon Basin is well correlated with surface aerosol measurements during 2007-2011 in 332	  
Cayenne, French Guiana. The dust deposition shows interannual variation of up to 29%, 333	  
which is negatively correlated with the prior year rainfall anomaly in the Sahel at the 334	  
95% confidence level.  335	  
 336	  
The CALIOP-based multi-year mean estimate of dust deposition agrees better with 337	  
estimates from in-situ measurements and model simulations than the K05 MODIS-based 338	  
estimate does. The closer agreement benefits from a more realistic geographic definition 339	  
of the Amazon Basin and the inclusion of meridional dust transport, in addition to the 3D 340	  
nature of CALIOP aerosol measurements. These factors could explain a significant 341	  
portion of the large discrepancies between measurements and models as reported in 342	  
literature [Swap et al., 1992; Kaufman et al., 2005; Ridley et al., 2012].  343	  
 344	  
We further estimated that the phosphorus (P) input associated with the dust deposition is 345	  
0.022 (0.006~0.037) Tg P a-1 or 23 (7~39) g P ha-1a-1.  Although this phosphorus-input 346	  
originating from outside the Basin is 1~2 order of magnitudes lower than the atmospheric 347	  
deposition of smoke and biological particles and the phosphorus recycling via litterfalls 348	  
within the Basin, it largely compensates the hydrological loss of phosphorus. This may 349	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suggest an important role of African dust in preventing phosphorus depletion on time 350	  
scales of decades or centuries.  351	  
  352	  
  353	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 487	  
Figure Captions 488	  
 489	  
Figure 1: CALIOP estimated seasonal dust mass fluxes (orange color, mean ± 1σ, σ 490	  
represents the standard deviation over the 7 years) across the boundaries of the Amazon 491	  
Basin (red lines) and the estimated dust deposition (white color) in the Basin: (a) DJF, 492	  
and (b) MAM. All numbers have a unit of Tg. The background shows MODIS enhanced 493	  
vegetation index, with the shade of green indicating the density of vegetation (dark for 494	  
high density and light for low density).  495	  
 496	  
Figure 2: (a) CALIOP estimates of dust deposition (Tg) into the Amazon Basin.  The 497	  
wide stacked color (blue for DJF and red for MAM) bars represent mean dust deposition, 498	  
while error bars indicate the lower bound and upper bound of DJF+MAM combined dust 499	  
deposition associated with the dust discrimination schemes.  On a basis of a 7-year 500	  
average, the best estimate of dust deposition into the Amazon Basin amounts to 28 Tg for 501	  
DJF and MAM combined. (b) Correlation of CALIOP-estimated DJF+MAM total dust 502	  
import to, export from, and deposition into the Amazon Basin with prior-year Sahel 503	  
Precipitation Index (SPI). (c) Correlation of CALIOP estimated seasonal dust mass flux 504	  
in zonal direction into the Amazon Basin with PM10 concentration measured at Cayenne, 505	  
French Guiana over the period of 2007-2011. 506	  
 507	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Table 1: Comparison of GOCART simulated dust deposition (Tg) into the Amazon Basin 
(white-solid boundaries in Figure 1a) with the CALIOP-based best estimate of dust 
deposition. Shown in parentheses is the range of CALIOP estimates bounded by the dust 
discrimination scenarios. 
Year 2007 2008 2009 2007-2009 average 
Season DJF MAM DJF MAM DJF MAM DJF MAM 
CALIOP 
18.0  
(11.2-
24.8) 
14.0  
(9.7-
18.4) 
12.7  
(7.6-
17.8) 
15.6  
(10.5-
20.7) 
9.1  
(5.0-
13.2) 
15.2  
(9.3-
21.2) 
13.3  
(7.9-
18.6) 
15.0  
(8.9-
20.1) 
GOCART 12.6 10.4 7.3 10.9 4.8 9.6 8.2 10.3 
 510	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Table 2: Summary of comparisons of CALIOP-based estimates of annual dust deposition 
into the Amazon Basin with those in the literature. 
Source Total dust 
deposition 
(Tg) 
Dust deposition 
per area  
(kg ha-1) 
Averaging region 
and years 
References 
CALIOP 28  
(8 ~ 48) 
29  
(8 ~ 50) 
see Figure 1 for the 
defined region; 
2007-2013 average 
This study 
MODIS  50  n/a [20°S-10°N, 35°W-
75°W]; 2001 
Kaufman et al. 
[2005] 
In-situ 
observations 
13  
(9 ~ 19) 
190  Assuming all the 
imported dust is 
deposited in a small 
area of Central 
Amazon Basin; 
1987 
Swap et al. [1992] 
GOCART 
model 
26  27 same region as the 
CALIOP estimate; 
1980-2009 average 
This study; Chin 
et al. [2014] 
WRF-Chem 
model 
19  20 same region as the 
CALIOP estimate; 
2011-2013 average 
This study; Zhao 
et al. [2013] 
GEOS-Chem 
model 
17 n/a 10°S-10°N land 
only (similar to the 
CALIOP estimate), 
2006-2008 average 
Ridley et al. 
[2012] 
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